Nonpolar and semipolar III-nitride quantum wells (QWs) and devices have been extensively studied due to their unique valence band (VB) structure and polarized optical emission. Unlike conventional c-plane oriented III-nitride QWs, the low crystal symmetry and unbalanced biaxial stress in nonpolar and semipolar QWs separates the topmost VBs and gives rise to polarized optical emission. Since the first experimental reports on nonpolar devices, research on this topic has progressed very rapidly and has covered nonpolar m-plane and a-plane QWs and devices as well as semipolar ð11
Introduction
III-nitride semiconductors, including alloys of AlN, GaN, and InN, are remarkable materials with direct bandgaps that span the entire visible spectrum, which make them especially attractive for various optoelectronic applications. 1) For example, InGaN based quantum well (QW) structures have enabled high performance light-emitting diodes (LEDs) and laser diodes (LDs) covering the violet ( ³ 400 nm), blue ( ³ 450 nm), and green ( ³ 525 nm) spectral regions. 1, 2) Commercially available InGaN LEDs and LDs are commonly grown on the polar c-plane of the wurtzite crystal due to the highly developed growth on (0001) sapphire, (0001) SiC and (111) Si. However, the performance of c-plane GaN optoelectronic devices is adversely affected by the presence of internal polarization-related electric fields. [3] [4] [5] Alternatively, growth of III-nitride structures on nonpolar and semipolar orientations has been proposed to eliminate these polarization-related issues on conventional c-plane devices. 3) In recent years, very high performance nonpolar and semipolar LEDs and LDs have been demonstrated. [6] [7] [8] [9] In addition to improved device performance, another unique and interesting feature of nonpolar and semipolar GaN LEDs is the polarized optical emission. 10) The three valence bands (VBs) of GaN are characterized with x-, y-, and z-directions corresponding to the nonpolar a-direction h11 " 20i, the nonpolar m-direction h1 " 100i, and the polar cdirection h0001i, respectively. The top three VBs are derived from the nitrogen p x , p y , and p z orbitals. The top two VBs, i.e., heavy hole and light hole, have the symmetry of «X + iYª and «X ¹ iY ª, and the split-off band has the symmetry of «Z ª. [11] [12] [13] [14] [15] For c-plane structures such as InGaN/GaN or AlGaN/GaN, the biaxial compressive stress in the coherently stressed alloy layer (InGaN or AlGaN) is isotropic in the xand y-directions, producing an equal mixture of «X ª and «Yª states in the heavy-and light-hole bands, which results in an isotropic light emission in the direction normal to the layer surface. For nonpolar structures, the unbalanced biaxial stress breaks the symmetry in the x-y plane, which splits the «X « iY ª states into «X ª and «Y ª states. Therefore, the VBs of nonpolar structure are reconstructed in the order of «X ª, «Zª, and «Y ª states with decreasing energy, which give rise to the polarized emission for emission from the free surface that is parallel to natural heterostructures such as QWs. [11] [12] [13] [14] [15] The polarization ratio (μ) is used to quantify the degree of this polarization. For nonpolar m-plane structures, it is defined as μ = (I a ¹ I c )/(I a + I c ), where I a and I c are the integrated intensity values parallel to the a-and c-directions, respectively. 15) Since the first experimental report on nonpolar heterostructures, the research on this topic has progressed very rapidly and has covered nonpolar m-plane and a-plane QWs and devices as well as semipolar ð11 " 22Þ, ð20 " 21Þ, and ð20 " 2 " 1Þ QWs and devices. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Issues such as strain, plane inclination angle (with respect to c-plane), indium composition, temperature, and their impacts on QW VB states and device performance have been extensively studied. Key experimental reports on the topics are summarized in Table I , [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] while several theoretical calculations on electronic properties and band structures for III-nitride semiconductors are listed in Table II . [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] More detailed discussions are included in the following sections.
In this paper, we review recent research efforts on the VB states and the polarized optical emission for nonpolar and semipolar QW optoelectronic devices, and discuss their impact and potential opportunities for current device performance as well as future applications. Section 2 reviews the basic physics and theoretical background for the VB structures of nonpolar and semipolar InGaN QWs, where the effects of strain, electrical polarization, and effective mass must be carefully discussed. Section 3 discusses the experimental measurements of the optical polarization and associated VB states and separations for nonpolar and semipolar LEDs. Topics such as device structure, measurement methods, recent experimental reports, and potential applications will be discussed. Section 4 discusses the impact of VB states and optical polarization on nonpolar and semipolar LD performance, including optical gain, birefringence, and waveguide orientation. Finally in Sect. 5 we summarize the paper and discuss the potential opportunities and future work on these topics.
Physical mechanism
The wurtzite structure is the lowest energy structure for GaN, AlN, and InN. The wurtzite structure has 6 mm point symmetry and thus is polar and piezoelectric. When an InGaN QW is coherently grown on GaN, the strain-induced piezoelectric polarization difference and spontaneous polarization difference at the InGaN/GaN interface causes large electric fields in the InGaN QWs which in turn causes electron and hole separation and results in the quantum confined stark effect (QCSE) and an increase the radiative lifetime. [3] [4] [5] One way to avoid or reduce the QCSE is to use either a nonpolar (a-or m-plane) or semipolar plane. [6] [7] [8] [9] Some studies proposed the use of c-plane polarization-matched c-plane AlInGaN quaternary barriers between the InGaN QWs to match the polarization charge at AlInGaN/InGaN inter-faces. 39) However, the polarization charge mismatch at the bottom of the first InGaN/GaN QW and at the last barrier between InGaN/GaN still exists and will likely impact the total electric field across the active region of the device and additionally impact carrier transport. Recent efforts in InGaN MQW solar cells showed that modifying the doping profile in the device structure can effectively screen the polarization effects and improve the carrier transport, which means the polarization field in QW influences the carrier transport and recombination significantly. 40) Takeuchi et al. calculated the dependence of piezoelectric fields on crystal orientations for Ga 0.9 In 0.1 N/GaN heterostructures on various planes and showed zero or greatly reduced polarization field can be achieved on nonpolar and semipolar planes. 41) Several other groups have calculated the polarization discontinuity for coherently stressed InGaN/GaN or AlGaN/GaN heterostruc- 28) tures. [41] [42] [43] [44] Below, we will follow the more recent treatment of Romanov, which is based on closed analytical formalism in linear elasticity. 5) Figure 1 shows the c-plane, nonpolar, and frequently used semipolar planes of the wurtzite crystal structure.
To consider the basic properties of nonpolar and semipolar plane, we need to define the two coordinate systems first. When assuming the c-axis in the GaN template is inclined at the angle ª with respect to the normal vector of the template's surface, we use two coordinate systems xyz and xAyAzA as shown in Fig. 2 these are designated as the N-and Pcoordinate systems for the "natural" and "primed" coordinate systems, respectively, as described in detail in Romanov et al. 5) The natural coordinate z is in the direction [0001] of the wurtzite structure, while the two other natural coordinates x and y are in the basal (0001) plane. For definitiveness and simplicity, we choose the x-axis along ½1 " 210 [a-direction (formally, the ¹a 2 direction)] and the z-axis parallel to [0001] for ðh0 " hlÞ planes. In the primed P-coordinate system the zAaxis is in the direction of the template's surface normal, the two other axes xA and yA are in the template's surface plane and the xA-axis serves as the rotation axis for the c-axis inclination.
When the growth plane is inclined from the c-plane by an angle ª, the total polarization discontinuity for a coherent layer of In x Ga 1¹x N on GaN induced by the anisotropic strain can be calculated based on anisotropic linear elasticity. The P pz L z 0 can be calculated by as P pz cos ª. After straightforward algebra, 5) the strain induced piezoelectric polarization, P pz L z 0 , can be expressed P pz L z 0 ¼ e 31 cos x 0 x 0 þ e 31 cos 3 þ e 33 À e 15 2 sin sin 2 y 0 y 0 þ e 31 þ e 15 2 sin sin 2 þ e 33 cos 3 z 0 z 0 þ ½ðe 31 À e 33 Þ cos sin 2 þ e 15 sin cos 2 y 0 z 0 ; ð1Þ
where the elements e ij are the piezoelectric tensor in Voigt notation. The total polarization difference at the InGaN/GaN layer can be calculated by
where P sp L and P sp S are the spontaneous polarization of the InGaN layer and the substrate layer, respectively. When combined with known or calculated values of spontaneous polarization, the polarization difference as a function of ª is shown in Fig. 3 . 5) The total polarization discontinuity for a coherently stressed InGaN layer on GaN switches sign for semipolar planes misoriented at angles & 45°and is zero for ª = 90°( which corresponds to the nonpolar a-or m-plane). In addition to the change in the total polarization discontinuity, the band structure and light emission polarization properties will also be modified due to the anisotropic strain in coherently stressed nonpolar and semipolar heterostructures. To understand the influence of anisotropic strain on the light emission polarization properties in the nonpolar and semi- polar QWs, we need to consider the following issues: (1) the changes of the VB states mixing due to the anisotropic strain;
(2) the energy separation of the first VB (CH1) and the second VB (CH2), and (3) the effective mass differences along the vertical confined direction of CH1 to CH2 bands, which will strongly affect the quantum confinement. For example, if the effective mass of CH1 band along the zAdirection (m Ã z 0 ) is smaller than the CH2 band, the energy separation of CH1 and CH2 bands will become smaller because the CH1 band will have a larger confinement energy. In fact, the CH2 band might even surpass the CH1 band and become the highest energy band. In addition, more subbands will be formed due to the quantum confinement. On the other hand, if m Ã z 0 is lighter for the CH2 band, the valley separation will become even larger. Figure 4 presents the relative positioning of VBs for (a) polar c-plane and (b) nonpolar m-plane structures, where (c) presents the schematic picture of m-plane devices in a wurtzite structure and (d) is the light polarization of the m-plane LEDs. 25) To reiterate, the VB structure of wurtzite GaN is developed from the on the «X ª, «Y ª, «Z ª states, which correspond to the nitrogen p x , p y , and p z orbitals, respectively. The six band structure bases of the wurtzite structure including spins can be expressed as «u 1 ª to «u 6 ª and are ð1= ffiffi ffi 2 p ÞjX þ iY; "i, ð1= ffiffi ffi 2 p ÞjX þ iY; #i, jZ; "i, jZ; #i, ð1= ffiffi ffi 2 p ÞjX À iY; "i, ð1= ffiffi ffi 2 p ÞjX À iY; #i, where the polarization of the emission light is strongly affected by these bases. For the c-plane structure, the upper two bands are basically «u 1 ª and «u 6 ª («X « iYª states), where the «X ª and «Y ª are equally mixed. Therefore, for conventional c-plane structures, the equibiaxial compressive stress for an InGaN layer does not change the separation of the top two VBs «u 1,6 ª and «u 2,5 ª («X ª and «Y ª states are moving up equally and the «Zª state is moving down as shown in Fig. 4 ) so that the polarization of the light for emission normal to the top of the LED chip would be isotropic. The edge emission from c-plane LEDs is indeed highly polarized. 45) However, the polarization of the edge emission did not attract much attention as most LEDs are top emitting devices. For coherent m-plane InGaN/GaN heterostructures, the strain component affecting to the «X ª and «Yª states becomes unequal. For example, in the nonpolar case where the growth direction is rotated 90°about x-axis as shown in Fig. 2 , the original yaxis becomes the new zA-axis and the z-axis rotates to the original y-axis. 5) Therefore, the in plane compressive strain is in the x-and z-direction and tensile strain is in the y-direction. Under this condition, the original «Y ª (ZA) state will be pulled down and the original «X ª (XA) and «Z ª (YA) states will be pulled up. Therefore, the pure «Xª (XA) will be the upper band and the light emission will become linearly polarized light as shown in Fig. 4 . For a-plane InGaN/GaN heterostructures, a similar effect will be observed and the «Y ª state would be the upper band for this case. For semipolar planes, the analysis is more complicated because of the shear strains ¾ zx and ¾ zx (expressed in the natural coordinate system). To understand the detailed influence of the strain, the 6 © 6 k 0 p method is usually used to analyze these problems. 46) The 6 © 6 Hamiltonian can be expressed as
where
D 1 -D 6 are the deformation potentials and A 1 -A 7 are the fitting parameters to the VB structure. k i and ij (i; j ¼ x; y; z) are the wave vector and the strain tensor. ¦ 1 is the crystal-field energy and ¦ 2 and ¦ 3 are the spin-orbit energy parameters. These parameters can be found in Ref. 10 . Note that there are many theoretical calculations which provide different values for A 1 to A 7 . Particularly, the deformation potentials D 1 to D 6 are very different from these studies. A brief summary of the theoretical calculations is listed in Table II . [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] When the crystal orientation rotates to the primed system, k x , k y , and k z need to be rotated as well. The relation of the new coordinates and the old coordinates can be rotated by the rotation matrix U ij where U xAx = cos ¤ xAx and is the direction cosine between the xA-and x-axes. Here ¤ xAx is the angle between xA-axis to x-axis as shown in Fig. 2(d) . Similarly, U xAz = cos ¤ xAz and is the direction cosine between the xA-and z-axes, and so on. Note that U xAz º U zAx because U zAx = cos ¤ zAx is the direction cosine between the x-and zA-axes. ¤ xAz and ¤ zAx are labeled in Fig. 2(d) . The relation of k to kA can be expressed as 
If we define º as the angle between the ª rotating axis (xA-axis) to x-axis as shown in Fig. 2 (c) and we rotate the coordinates by ª with the rotating axis as defined by Fig. 2 . We can derive the rotation matrix U as U ¼ cos Àsin 0 cos sin cos cos Àsin sin sin sin cos cos
If x-axis is the rotation axis, then º = 0, the rotating matrix U becomes
after replacing the k 0 x , k 0 y , and k 0 z into the 6 © 6 Hamiltonian. We can solve the Hamiltonian by an eigenvalue solver. If we have confinement in the zA-direction, which is the crystal growth orientation zA-axis, the k 0 z will be transformed into the differential form ¹i@/@zA and finite difference method can be used to discretize the equation. For the interband transition, the emitting strength for different polarized light is mainly determined by the momentum matrix element
where «© f e (zA)« f h (zA)ª« denotes the overlap between the zAdependent envelope function of the conduction band (CB) and VB, which decides the dipole strength.â is the unit vector indicating the polarization direction of the generated light and ¹iћr is the momentum operator.â Á ðÀih " rÞju i i determines the emission strength of different polarization light. ©s« represents the s-like state of the CB electron. However, «u i ª here denotes the original six bases with natural coordinates «X ª, «Y ª, and «Z ª. To calculate light polarization in the new coordinate system, we need to rotate «u i ª to ju 0 i i by the rotation matrix U ij again here. For example, in the semipolar plane, if we get the eigenstate of «u i ª to be a mix of a«X ª + b«Yª + c«Z ª, «XAª, «YAª, and «ZAª will be given as
Therefore, to get xA-and yA-polarized light strength, which is what is usually measured in the experiment, we take the scalar product of
where p x = ¹iћ@/@x and due to the symmetric, we can define the momentum matrix element, «©s«p x «X ª« = «©s«p y «Y ª« = «©s« p z «Z ª« = p cv . Therefore, the light emission intensity for different polarized light would be
If the state is purely «Y ª state after calculation where b = 1 and a = c = 0, the equation will be simplified to y 0 -polarized light: / jcos j 2 p 2 cv ; z 0 -polarized light: / jsin j 2 p 2 cv : ð13Þ
Note that the direction of light propagation will be perpendicular to the direction of light polarization. For light propagating along the yA-direction, yA-polarized light will not contribute any role and the emission strength would be simply proportional to sin 2 ª. For light propagating along the zA-direction, the light intensity would be proportional to cos 2 ª. The result would be simply like a dipole source along the y-direction, where the emission strength at the tilt angle ªA from the y-axis is sin 2 ªA. And the light intensity propagating along the yA-direction would be simply proportional to sin 2 ª since ªA = ª. And the light propagating to the zA-direction would be proportional to sin 2 (ª + 90°) = cos 2 ª since ªA = ª + 90°. For light polarized in a general directionâ, determination of the emission strength necessitates the use of Eq. (11) instead of Eq. (12), where the inner product should be done before the square is taken. Figure 5 shows the calculated E-k relation of the bulk In 0.2 Ga 0.8 N material under the same lateral compressive strain in different growth orientations. Note that this result does not reflect the influence of the quantum confined effect but only considers the influence of strain deformation potential. The red, green, and blue (RGB) colors mean the strength of «XAª-, «YAª-, and «ZBª-like states in the primed system, respectively. If the states are mixed, the color will change to according to the RGB strength. Figure 5 (a) shows the E-k relation of the bulk c-plane InGaN material without strain. As we can see at the center of the ¥ valley, the top two bands are mixed with «X ª and «Y ª states, which are usually denoted as «X « iYª states, while the «Z ª state is the third VB. When the biaxial compressive strain is applied along lateral x-and y-direction and tensile strain in the z-(c-axis) direction, which is shown in Fig. 5(b) , the «X « iY ª states remain as the top two bands since «X ª and «Yª states are equally compressed as mentioned earlier. The «Z ª state, however, moves to even lower position due to the tensile strain in the z-direction. As a result, the emission will still be mainly dominated by «X « iY ª where the emission perpendicular to the surface should be isotropic unpolarized light. For the m-plane case as shown in Fig. 5(c) , due to the anisotropic strain as discussed earlier, the «Y ª state (ZA) move down due to the tensile strain, and «X ª (XA) and «Zª (YA) states move up due to the compressive strain. The top band becomes «XAª state and the light emission will be mainly xA-polarized light, where electric field of the emitted light is parallel to the a-axis. For the semipolar plane case, such as ð11 "
22Þ as shown in Fig. 5(d) , we need to rotate º by 90°and ª by 58°. Now the y-axis (xA-axis, which is the m-axis) is the rotating axis of ª. Due to the anisotropic strain and the shear strain in the semipolar QW, the x-and z-axis and strain of yaxis (xA) remains the same, the top VB will be «Y ª (XA) state.
But the second and third state are mixed with «X ªand «Z ªlike states (YA and ZA) depending on the rotation angle and the strain (or indium composition). If the rotation axis is x-axis (a-axis) such as ð20 " 21Þ, the top VB will be mainly «X ª (XA) state and the second and third states will be mixed with «Yª and «Zª states. The light emission will still be polarized. To realize an accurate estimate of the VB energies for different template orientation angles, especially for QWs, we need to solve the k 0 p equations for each case and include quantum confinement.
In the previous case, the quantum confinement effect was not considered. As mentioned earlier, to accurately model the emission characteristic of InGaN QW we have to consider the quantum confined effect as well. Figure 6 shows the calculated E-k relation for strained c-plane, m-plane, and ð11 " 22Þ InGaN QWs where the quantum confined effect is considered. 10) We find that different subbands are formed due to quantum confinement effects. As shown in Fig. 6(b) , for the m-plane case compared to the strained bulk case we see that «XAª forms two subbands if the quantum confined effect is considered. This is because the «XAª band's effective mass along the confined zA-direction, m Ã z 0 , is heavier than «YAª band's effective mass m Ã z 0 so that it can form the first two subbands. Then the «YAª-state's lower energy subband becomes the third subband. For the ð11 "
22Þ plane which is rotated by ª ³ 58.4°with respect to the (0001) plane, the first band is still mainly dominated by «XAª-like states at low indium composition (<30%). 47) The second subband is mixed with «YAª and «ZAª like mixed states (originally «X ª and «Z ª) as shown in Fig. 6(c) . However, as the indium composition is increased, the «YAª and «ZAª mixed band will rise to the first band due to the increase of anisotropic strain. This will be discussed later in the experimental section. Therefore, the yA-polarized light intensity will increase and the out-of-plane polarized light, where the light polarization is along the zA-direction will be observed at a tilt angle from zA-axis for the higher indium composition cases. 47) With the manipulation of the strain, we can estimate the light emission polarization properties for fabricated devices.
In addition, the effective mass in the lateral unconfined region also plays a critical role in band filling. Inside the QW, the freedom of carrier is limited to lateral direction and 2D density of state should be considered. Therefore, the density of states effect mass for a 2D system m Ã DOS;2D should be
For laser applications, the smaller effective mass will reduce the carrier densities necessary to reach transparency and lower the threshold current densities for lasing. In the nonpolar and semipolar QW system, the E-k relation of the first subband has smaller effective mass than the c-plane cases, which is preferable for lasers. Of course, the waveguide orientation also plays an important role and will be discussed in more detail in Sect. 4.
Optical polarization in nonpolar and semipolar LEDs

Introduction
Polarized optical emission from GaN materials was first observed by Dingle et al. in 1971, which was considered as a unique characteristic for GaN compared to other common semiconductors. 11) The first GaN LEDs demonstrated by Akasaki in 1989, however, were fabricated on conventional c-plane GaN, which does not have polarized emission normal to the c-plane surface. 48) It was not until the mid-2000s that the experimental efforts on this topic really started to grow due to the successful development of nonpolar and semipolar GaN LEDs. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Ghosh et al. studied polarization dependence of the absorption, reflectance, and photoreflectance spectra on a compressively strained m-plane GaN film grown on a (0001)-orientated r-LiAlO 2 (gamma phase) substrate. 13) The first reports of polarized electroluminescence were from nonpolar m-plane LEDs, followed by many additional studies for both nonpolar and semipolar devices. [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] In this section, we will cover several key developments in the topic of polarized optical emission for nonpolar and semipolar LEDs, including devices structures, experimental methods, experimental results, and applications.
Devices structures and experimental methods
Due to lack of native substrates, early nonpolar and semipolar GaN LEDs were fabricated on foreign substrates, including a-plane GaN templates on r-plane sapphire substrates, mplane GaN templates on m-plane SiC substrates, and ð11 " 22Þ semipolar GaN templates on m-plane sapphire substrates, etc. 53, 54) In 2005, Gardner et al. first reported polarized emission from nonpolar m-plane InGaN/GaN LEDs which were grown on m-plane 4H-SiC substrates. 15) However, these early devices showed very low performance due to the high density of extended defects present in the film such as threading dislocations (TDs) (>10 9 cm ¹2 ) and basal-plane stacking faults (BPSFs) (³10 6 cm ¹1 ). In 2006 and 2007, high-quality (TD density ³10 6 cm ¹2 ) free-standing nonpolar and semipolar GaN substrates became available due advancements in hydride vapor phase epitaxy (HVPE) for GaN. 55) Nonpolar and semipolar GaN substrates with arbitrary orientations were obtained by slicing and polishing from a thick cplane GaN grown by HVPE. Since then, the progress on polarized light emission was very rapid for both nonpolar and semipolar LEDs. Figure 7 (a) presents a schematic figure for a standard LED used in optical polarization measurement. 27, 28) LEDs are typically grown by metal organic chemical vapor deposition (MOCVD) on free-standing nonpolar and semipolar GaN substrates. The device structure usually consists of a Sidoped n-type GaN layer (³1 µm), an active region with single or multiple (typically 2 to 6 periods) InGaN QWs with GaN quantum barriers, a Mg-doped p-type AlGaN electron blocking layer (EBL), and a Mg-doped p-type GaN layer. The thickness of the InGaN QW typically ranges from 2 to 5 nm. For orientations with very low polarization-related electric field, e.g., nonpolar m-plane or semipolar ð20 " 2 " 1Þ plane, LED structures with very thick QWs (>10 nm) can be realized. 7) For the LED fabrication, a rectangular mesa Fig. 7 . (Color online) Schematic views of (a) standard nonpolar or semipolar LED structure and (b) the microscope system used for the polarization measurements. 27, 28) (NP and SP stand for nonpolar and semipolar, respectively). pattern is usually formed by lithography and dry etching. An indium tin oxide (ITO) layer is commonly used as current spreading layer, while metal is deposited as contacts and contact pads.
To measure the polarized emission from LEDs, a confocal microscopic system is usually required. This is because of diverging emission of LEDs where reflection and refraction take place. As a result, the measured characteristics contain not only those of inherent light emission but also of stray light that results from scattering, reflection, and refraction at interfaces. For example, early experimental results showed that conventional broad-area techniques, such as optical fibers and Si photodetectors, would lead to lower values of polarization ratio during the measurement. 56) Figure 7 (b) shows a schematic view for a confocal microscopic system used for the LED optical polarization measurement. 28) LED emission can be obtained by either electroluminescence (EL) or photoluminescence (PL). An objective lens (20© magnification) with a numerical aperture (NA) of 0.45 was used, where the numerical aperture corresponds to a collection angle of 10°in GaN (27°in air). The depth of field is estimated to be 17 µm in GaN, which is sufficiently smaller than the LED wafer thickness (330 µm). Therefore, reflected light from the backside of the wafer can be eliminated. 56) For more rigorous measurements, however, photon absorbing elements such as black paint with mixed-in carbon black can be applied to the bottom and side surfaces of individual LEDs to further reduce the scattered light. 25) The collected light is collimated by the objective lens and passed through a rotational sheet polarizer before reaching a confocal lens. An optical fiber is used to further couple the light to spectrometers and charge-coupled devices (CCD).
Polarization measurements can be difficult due to scattering-induced depolarization. Taking nonpolar m-plane LED as an example, even a small fraction of a-polarized light scattered into the c-polarization will reduce the observed polarization ratio. It was reported that such scattering was indeed affecting the measurement accuracy despite using a confocal microscope. 25) Therefore, special attention is needed for the device preparation and measurement methodology. Brinkley et al. reported that applying black paint with mixed-in carbon black to the bottom and side surface of LEDs as photon absorbing elements can effectively reduce and mitigate the scattering and depolarization effects. 25) Consequently, a record high optical polarization ratio was obtained on nonpolar m-plane LEDs using improved characterization methods. 25) 56) They also studied the effects of substrate miscut angles (0°, 5°, 10°, 27°t oward ¹c-direction) on the optical polarization ratio for m-plane LEDs, and found that a μ value as high as 0.91 can be obtained on m-plane devices with 5°miscut. 57) In an effort to study the temperature effects on the polarized emission, Nakagawa et al. discovered that the polarization ratios from EL measurement for m-plane LEDs increased from 0.85 at 300 K to 0.98 at 100 K. 20) They further showed in a PL study for m-plane LDs that the μ and ¦E increased from 0.71 and 76 meV at a wavelength of 430 nm to 0.92 and 123 meV at 485 nm, indicating a strong dependence of the VB separation on the In composition and strain of the QW. 21) This was consistent with the theoretical expectations and was further confirmed by studies on green LEDs. For example, You et al. studied optical polarizations for both nonpolar m-and aplane LEDs ranging from violet (³400 nm) to green (500 nm) spectral region and reported similar trend for μ with respect to the emitting wavelength (and In composition). 23) They also found that a higher value of μ and ¦E for m-plane LEDs than a-plane devices. More recently, Brinkley et al. reported record high values for the polarization ratio (0.96) for green (520 nm) m-plane LEDs by mitigating the internal light scattering and depolarization effect by using absorbing materials on the LED die. 25) The ¦E for that device was estimated to be around 125 meV. This multitude of experimental studies also encouraged theoretical work. In a rigorous calculation by Yamaguchi, optical anisotropies for compressively strained nonpolar III-nitride QWs were numerically calculated using the 6 © 6 k 0 p method. 58) It was discovered that quantum confinement and compressive strain have opposite effects on the anisotropy and that the in-plane polarization degree is determined by the competition of these two effects. Although similar polarization characteristics were predicted for a-plane LEDs as for m-plane LEDs from theoretical calculations, the majority of the experimental studies have been focused on m-plane devices, possibly due to the higher performance of m-plane LEDs than a-plane devices.
Nonpolar LEDs
Semipolar LEDs
Much like nonpolar LEDs, semipolar LEDs should also have intrinsic optical anisotropy due to the low crystal symmetry. Thanks to the development of free-standing semipolar bulk GaN substrates, the progress in optical polarization study on semipolar LEDs has been very rapid. Early work on this topic has been focused on devices grown on semipolar planes with ³60°inclination angle from the c-plane, such as the ð10 " 1 " 1Þ and ð11 " 22Þ planes. 18, 57) In particular, an interesting but counterintuitive phenomenon called polarization switching was observed on ð11 " 22Þ LEDs, which was attributed to the crossover of two VBs when the In composition of the QWs reached ³30%. 19) More recently, semipolar planes with higher inclination angles, such as the ð20 " 21Þ and ð20 " 2 " 1Þ planes, attracted significant attention due to the demonstration of high performance green LDs and low droop blue LEDs. 27, 28) These "newer" semipolar planes showed several remarkable features, including high indium incorporation rate, low electrical polarization, homogenous atom distributions in the alloys, etc. [57] [58] [59] [60] [61] [62] 
Semipolar ð11
22Þ LEDs and polarization switching phenomenon Among the various semipolar planes, the ð11 "
22Þ plane first attracted attention due to the high indium incorporation which was advantageous for fabricating long wavelength (>500 nm) devices. Funato et al. demonstrated high efficiency LED operation in the blue, green, and amber spectral regions. 18) Their initial study showed that the optical emission from ð11 " 22Þ LEDs was polarized along ½1 " 100 and ½ " 1 " 123 directions, with the former direction as the stronger component [μ is defined as ¼ ðI ½1 " 100 À I ½ "
1 "
123 Þ=ðI ½1 " 100 þ I ½ "
1 " 123 Þ for the ð11 " 22Þ LEDs 19) ]. However, the LEDs reported by Funato et al. showed very low degree of polarization compared to other nonpolar and semipolar LEDs, with only μ = 0.2 for green LEDs and μ = 0.14 for amber LEDs. Furthermore, the experimental findings did not agree with previous theoretical considerations where μ generally increased with increasing wavelength (In composition) of the QW. It was later discovered by Ueda et al. that when the In composition of the ð11 " 22Þ QW reached ³30%, a polarization switch would take place where the emission polarized along ½ " 1 " 123 direction would become dominant component. 19) 22Þ blue and red LEDs, while Fig. 8(c) shows the dependence of μ on In content and layer thickness of the InGaN QWs. 19) For blue LEDs, μ showed a positive sign, indicating that the direction of the dominant polarization is perpendicular to the ½ " 1 " 123 direction, which was consistent with other results. For red LEDs, however, the polarization switched and a negative μ was obtained.
These experimental observations initiated considerable efforts to theoretically interpret the polarization switching phenomenon. Ueda et al. proposed that the polarization switch can be explained by the following mechanism, which is illustrated in Figs. 9(a) and 9(b). 19) When the In composition of the InGaN QW is less than than ³30%, the topmost VB (denoted as «Xª) corresponded to emission from a dipole along the ½1 " 100 direction, and the second highest VB (denoted as «Z ª) corresponded to emission from a dipole along the ½ " 1 " 123 direction. When the In composition increased beyond ³30%, the «X ª and «Z ª bands approached one another and eventually a crossover occurred (Note that N-coordinate system used here). As a result, the topmost VB (denoted as «Zª) corresponded to emission from a dipole along the ½ " 1 " 123 direction and the second highest VB (denoted as «X ª) corresponded to emission from a dipole along the ½1 " 100 direction. However, this explanation could not be reproduced by the theoretical calculations using the k 0 p method. Yan et al. studied the effects of strain on the VB structure for ð11 "
22Þ InGaN QWs and found that pseudomorphic strain conditions did not lead to polarization switching with increasing In concentration. 63) More recently, Schade et al. extended the polarization switching study to other semipolar QWs, including ð10 " 12Þ, ð10 " 11Þ, ð20 " 21Þ, etc. 26) For a given In composition, polarization switching would happen for semipolar planes with inclination angles (with respect to c-plane) that are smaller than the critical angle ª c . For example, at an In composition of 20 to 25%, ª c = 58.4°, which is close to the inclination angle of the ð11 " 22Þ plane. At an In composition of 30 to 35%, ª c = 62°, which is close to that of the ð10 " 11Þ plane. According to their model, the critical angle reached a maximum value of ª c,max = 69.4°for bulk calculation of fully stained InN on GaN. Semipolar planes with an inclination angles higher than 69.4°, such as the ð20 "
21Þ plane (75°), would not be affected by the polarization switching effect due to the low shear strain contribution to the valence band energy shift.
Semipolar ð20
21Þ and ð20 2 1Þ LEDs One of the biggest achievements for semipolar GaN research so far was the demonstration of high performance green LDs and LEDs using the ð20 " 21Þ plane. 59, 60) In 2009, Enya et al. achieved the world's first direct emission true green LD grown on the ð20 " 21Þ plane. 59) Soon after that, Yamamoto et al. showed green ð20 " 21Þ LEDs with a high peak external quantum efficiency of 20% and output power of 9.9 mW at 20 mA. 60) These great successes in device performance quickly led to research on the optical polarization of ð20 " 21Þ devices. Kyono et al. and Chung et al. studied the optical polarization for ð20 " 21Þ QWs and obtained low values for μ in the range of 0.2 to 0.4, which was significantly lower than the nonpolar m-plane results and also contrary to theoretical expectations. 24, 64) In 2011 the semipolar ð20 " 2 " 1Þ plane, which corresponds to the backside of ð20 "
21Þ plane due to the symmetry of (a) (b) Fig. 9 . (Color online) Schematic of band alignments of ð11 " 22Þ QWs with (a) In < 30% and (b) In > 30%. 19) the wurtize crystal, emerged as a promising new plane with many advantageous properties: high indium incorporation, low electrical polarization, small wavelength shift, and narrow spectrum linewidth. 61, 62) The polarization-related electric field and the p-n junction built-in electric field were in opposite direction and nearly cancelled each other, which resulted in a relatively flat QW potential profile during device operation. 61) This feature has been used to produce highefficiency and low-droop blue LEDs with relatively thick (³12 nm) QWs. 7) Zhao et al. studied optical polarization ratio properties for ð20 " 2 " 1Þ LEDs. 27) Figure 10 summarizes the optical polarization ratios for various nonpolar and semipolar LEDs as a function of the peak wavelengths of the dominant component. 27) The ð20 " 2 " 1Þ LEDs showed a very high value for μ, which was close to the previous results on m-plane devices. μ increased with increasing wavelength (In composition), which is also consistent with expectations. On the contrary, the ð20 " 21Þ LEDs showed very low value for μ. In addition, the energy separation of the top two valence bands ¦E was extracted from the peak wavelengths of the polarization study and compared with theoretical calculations (shown in Fig. 11 ). 27) The calculation predicted identical ¦E for ð20 " 2 " 1Þ and ð20 " 21Þ plane, as expected. While the data obtained for ¦E for the ð20 " 2 " 1Þ plane is in reasonable agreement with the calculations, the data obtained for ¦E for the ð20 " 21Þ plane is significantly smaller than the calculations. A high value for ¦E is preferable for LED and LD performance. In a recent effort to understand the low polarization on ð20 " 21Þ devices, experimental as well as theoretical work were carried out on LEDs on the ð30 " 31Þ and ð30 " 3 " 1Þ planes, which were pair of semipolar planes with similar but even higher inclination angle (80°with respect to the c-plane) than the f20 " 21g planes. 28) The study showed identical polarization results for both planes, which were consistent with calculations. The reason for low optical polarization on ð20 "
21Þ plane is therefore still under investigation. 
Applications
Optical polarization in nonpolar and semipolar III-nitride LDs
Much like nonpolar and semipolar III-nitride LEDs, nonpolar and semipolar LDs also exhibit polarized light emission. Unlike the polarized emission from LEDs, though, which is usually measured perpendicular to the growth plane and depends primarily on band structure, the polarized emission from LDs also depends on waveguide orientation and the natural birefringence of III-nitride materials. In this section, we will discuss the characteristics of polarized light emission in nonpolar edge-emitting LDs, semipolar edgeemitting LDs, and nonpolar vertical-cavity surface-emitting lasers (VCSELs).
Birefringence
A working knowledge of birefringence is essential for understanding the nature of polarized light emission in nonpolar and semipolar LDs. In a birefringent crystal two mutually orthogonal plane polarized waves may be propagated along a common wave normal where the wave normal is perpendicular to the direction of polarization of both of the plane waves. 66) The indices of refraction of the two waves, which depend on their common wave normal, can be obtained by constructing an ellipsoid known as the indicatrix. The indicatrix is defined by the equation
where x 1 ; x 2 ; x 3 are the principal axes of the dielectric constant tensor, K 1 ; K 2 ; K 3 are the principal dielectric constants, and n 1 ¼ ffiffiffiffiffi ffi
, are the principal indices of refraction. If a line is drawn parallel Fig. 11 . (Color online) The energy separation ¦E between the top two VBs at the ¥ point for 3 nm ð20 " 2 " 1Þ semipolar InGaN QW strained on GaN with different In compositions obtained by the k 0 p method using NEXTNANO3 software. The experimental data for ð20 " 2 " 1Þ and ð20 " 21Þ QWs are also plotted for comparison. 27) to the common wave normal, the central section of the indicatrix perpendicular to the line will form an ellipse. The two plane polarized waves will have indices of refraction equal to the semi-axes of the ellipse and will be polarized along the semi-axes of the ellipse. 66) Thus, this construction defines the allowed polarizations and relative phase velocities of two plane waves with a common wave normal in a birefringent crystal (e.g., see Fig. 12 in Ref. 66) .
For materials with a hexagonal crystal structure like GaN the indicatrix is an ellipsoid of revolution about the principal symmetry axis or [0001] c-axis. With x 3 as the principal symmetry axis Eq. (15) can be written as
where n o and n e are called the ordinary and extraordinary indices of refraction, respectively. The central section of the indicatrix perpendicular to the principal symmetry axis is a circle of radius n o . Only waves with a wave normal along the principal symmetry axis lack birefringence. Thus, the principal symmetry axis is referred to as the optic axis and the crystal is said to be uniaxial. 66) 
Waveguide orientation
GaN exhibits uniaxial birefringence with ¦n = n e ¹ n o µ 0.011n o . 67) In nonpolar and semipolar LDs, the c-axis is not parallel to all waveguide orientations, so the effects of birefringence have to be considered. In general, it is necessary to distinguish between two possible waveguide orientations in nonpolar and semipolar LDs. These two waveguide orientations are illustrated for a general nonpolar or semipolar plane in Fig. 12 . The waveguides can be oriented either parallel or perpendicular to the yB-direction, defined as the projection of the c-axis onto the QW plane.
Although the indicatrix construction is very accurate for predicting the polarization of waves in bulk III-nitride crystals, additional factors must be included for predicting the polarization of modes in multilayer III-nitride waveguides. This difference in accuracy arises from variations in the index of refraction between adjacent layers in III-nitride waveguides and the necessity to match boundary conditions between these layers. Nevertheless, the change in polarization between adjacent layers in a III-nitride waveguide (typically a couple of degrees at most) is still very close to the polarization predicted by the indicatrix construction for waves in a bulk III-nitride crystal, as predicted by theoretical calculations 38, 68) and confirmed by experimental measurements. 69, 70) The polarization of modes in a birefringent waveguide is often different than the usual polarization parallel (transverse electric or TE mode) and perpendicular (transverse magnetic or TM mode) to the growth plane, as discussed in more detail below.
For waveguides on nonpolar growth planes, the mirror facets of both waveguide orientations coincide with a natural crystal faces (usually either a-or m-planes), so mirror facets can be formed on both waveguide orientations by cleaving. 71) Conversely, for waveguides on semipolar growth planes, waveguide orientations perpendicular to the yA-direction coincide with natural crystal faces (usually either a-or mplanes), so mirror facets can also be formed on these waveguide orientations by cleaving. 71) However, for waveguides on semipolar growth planes, waveguide orientations parallel to the yA-direction do not coincide with natural crystal faces (i.e., crystal planes with rational Miller indices), so mirror facets need to formed on these waveguide orientations by dry etching or polishing. 72) As cleaving is a more mature technology for fabricating mirror facets than dry etching or polishing, there have been many studies to assess the suitability of waveguide orientations perpendicular to the yA-direction for semipolar LDs, 19, 24, 38, [68] [69] [70] [73] [74] [75] as discussed in more detail in Sect. 4.5.
Relationship between optical gain, birefringence, and waveguide orientation
The unbalanced biaxial stress in nonpolar and semipolar InGaN QWs has been predicted to lead to an increase in optical gain compared to c-plane QWs. 38) To understand the relationship between gain, birefringence, and waveguide orientation, it is necessary to consider the various terms in the expression for gain. The expression for gain for two states separated in energy by E 21 = E 2 ¹ E 1 is
where state 2 is an electron state in the CB, state 1 is hole state in the VB, jM T ðE 21 ;âÞj 2 is the square of the momentum matrix element for a transition between states 2 and 1, μ r (E 21 ) is the reduced density of states for a transition between states 2 and 1, and f 2 and f 1 are the Fermi occupation probabilities of states 2 and 1, respectively. 76, 77) The dependence of gain on birefringence and waveguide orientation is determined by the momentum matrix element, which is given by Eq. (9) . The square of the wavefunction overlap integral, «© f e (zA)« f h (zA)ª« 2 , depends on the crystallographic orientation and is generally larger for nonpolar and semipolar QWs than for c-plane QWs. 41) The other term in the momentum matrix element, determines the optical polarization and depends on the symmetry of the CB and VB basis states as well as the allowed polarizations of the waveguide. As indicated by Eq. (11), the gain is dependent on the square of the scalar product ofâ and ðÀih " rÞju i i. Thus, if ¡ is the angle betweenâ and ðÀih " rÞju i i, then the magnitude of the gain should vary as cos 2 ¡. 70) 4.4 Nonpolar III-nitride edge-emitting LDs Waveguide orientation determines the magnitude of the gain and the polarization of stimulated emission for nonpolar III-nitride edge-emitting LDs. As an example, waveguide orientation is examined below for an m-plane III-nitride edge-emitting LD, although the discussion could be generalized to a-plane III-nitride edge-emitting LDs as well.
According to the indicatrix construction, the allowed polarizations of modes in a waveguide orientated parallel to the caxis are parallel to the a-axis (the ordinary axis) and parallel to the m-axis (the other ordinary axis), which are parallel to the usual TE and TM modes, respectively. The TE mode couples to emission from the CH1 band (cos 2 ¡ = 1) and the TM mode couples to emission from the CH3 band (cos 2 ¡ = 1). 70, 78) However, stimulated emission is dominated by the TE mode because of the much higher hole population in the CH1 band than the CH3 band, as confirmed by experimental measurements. 69, 79) Finally, emission from the CH2 band does not couple to either of the waveguide modes because cos 2 ¡ = 0 for a waveguide oriented along the c-axis. Also according to the indicatrix construction, the allowed polarization of modes in a waveguide orientated perpendicular to the c-axis are parallel to the c-axis (the extraordinary axis) and parallel to the m-axis (the ordinary axis), which are parallel to the usual TE and TM modes, respectively. The TE mode couples to emission from the CH2 band (cos 2 ¡ = 1) and the TM mode couples to emission from the CH3 band (cos 2 ¡ = 1). 70, 78) However, stimulated emission is dominated by the TE mode because of the much higher hole population in the CH2 band than the CH3 band, as confirmed by experimental measurements. 69, 79) Finally, emission from the CH1 band does not couple to either of the waveguide modes because cos 2 ¡ = 0 for a waveguide oriented perpendicular to the c-axis. 70, 78) Gain is expected to be higher in a waveguide oriented parallel to the c-axis than a waveguide oriented perpendicular to the c-axis because of the much higher hole population in the CH1 band than the CH2 band. This is confirmed by theoretical calculations 38) and experimental measurements. 79) Figures 13(a) and 13(b) present calculations of material gain for 3 nm nonpolar In 0.2 Ga 0.8 N QWs with waveguides oriented parallel and perpendicular to the c-axis, respectively. 38) For both waveguide orientations the gain is much higher for the TE mode than for the TM mode, as expected from the above analysis of the momentum matrix elements. In addition, the peak gain is several times higher for a given carrier density for the waveguide oriented parallel to the c-axis than for the waveguide oriented perpendicular to the c-axis, which can be attributed to the much higher hole population in the CH1 band than the CH2 band.
Experimental measurements of m-plane LDs with QWs emitting at wavelength of ³400 nm (Fig. 14) indicate that the threshold current density is nearly twice as high for ridge waveguide LDs oriented parallel to the a-axis than ridge waveguide LDs oriented parallel to the c-axis, 79) in agreement with the theoretical calculations discussed above. 38) Finally, for waveguides on m-plane LDs, the mirror facets of both waveguide orientations coincide with a crystal face, so mirror facets can be formed on both waveguide orientations by cleaving. 71) However, since the gain is higher for a waveguide oriented parallel to the c-axis and c-plane mirror facets can be formed by cleaving, it is clearly advantageous to orient waveguides for m-plane LDs parallel to the c-axis.
Semipolar III-nitride edge-emitting LDs
Much like nonpolar III-nitride edge-emitting LDs, waveguide orientation determines the magnitude of the gain and the polarization of stimulated emission for semipolar IIInitride edge-emitting LDs. As an example, waveguide orientation is examined below for a ð11 "
22Þ III-nitride edgeemitting LD, although the discussion could be generalized to any semipolar III-nitride edge-emitting LD orientation as well. According to the indicatrix construction, the allowed polarizations of modes in a waveguide orientated parallel to the yA-direction (the ½ " 1 " 123 direction) are parallel to the m-axis (the ordinary axis) and perpendicular to the ð11 " 22Þ plane, which are parallel to the usual TE and TM modes, respectively. The TE mode couples primarily to emission from the CH1 band (cos 2 ¡ µ 1) and the TM mode couples primarily to emission from the CH3 band (cos 2 ¡ µ 1). 70, 78) Stimulated emission is dominated by the TE mode because of the much higher hole population in the CH1 band than the CH3 band, as confirmed by experimental measurements. 69, 70) Finally, emission from the CH2 band has minimal coupling to both of the waveguide modes because cos 2 ¡ µ 0 for a waveguide oriented along the yA-direction. 70, 78) Also according to the indicatrix construction, the allowed polarizations of modes in a waveguide orientated perpendicular to the yA-direction are parallel to the c-axis (the extraordinary axis) and parallel to the a-axis (the ordinary axis), which are not aligned with the ð11 " 22Þ plane or its normal and are referred to below as the extraordinary mode and the ordinary mode, respectively. Both the extraordinary mode and the ordinary mode couple primarily to emission from the CH2 band and the magnitude of the coupling depends on the angle betweenâ and ðÀih " rÞju i i. 70) Since the c-axis is inclined 58°to the ð11 " 22Þ plane, the angle between a and ðÀih " rÞju i i is 32°for the extraordinary mode and 58°f or the ordinary mode. Therefore, the extraordinary mode is expected to have a reduction in material gain by a factor of cos 2 32°µ 0.7 and the ordinary mode is expected to have a reduction in material gain by a factor of cos 2 58°µ 0.3. Thus, both modes experience a reduction in gain due to the nature of the birefringence of a waveguide orientated perpendicular to the yA-direction. Both the extraordinary mode and the ordinary mode also couple to emission from the CH3 band, but the stimulated emission is dominated by emission from the CH2 band because of the much higher hole population in the CH2 band than the CH3 band. Finally, emission from the CH1 has minimal coupling to both of the waveguide modes because cos 2 ¡ µ 0 for a waveguide oriented perpendicular to the yA-direction.
Gain is expected to be higher in a waveguide oriented parallel to the yA-direction than a waveguide oriented perpendicular to the yA-direction (at least for In x Ga 1¹x N QWs where x is less than ³0.30) because of the higher hole population in the CH1 band than the CH2 band and the cos 2 ¡ dependence of the momentum matrix elements. This is confirmed by theoretical calculations 38) and experimental measurements. 69, 70) Figures 15(a) and 15(b) present calculations of material gain for 3 nm ð11 " 22Þ In 0.2 Ga 0.8 N QWs with waveguides oriented parallel and perpendicular to the yA-direction, respectively. 38) For the waveguide orientated parallel to the yA-direction the gain is much higher for the TE mode than for the TM mode, as expected from the higher hole population in the CH1 band than the CH3 band. Similarly, for the waveguide orientated perpendicular to the yA-direction the gain is much higher for the extraordinary mode than for the ordinary mode, as expected from the above analysis of the momentum matrix elements. In addition, the peak gain is several times higher for a given carrier density for the waveguide oriented parallel to the yA-direction than for the waveguide oriented perpendicular to the yA-direction, which can be attributed to the much higher hole population in the CH1 band than the CH2 band and the cos 2 ¡ dependence of the momentum matrix elements.
Experimental measurements of optically pumped ð11 " 22Þ laser structures with a single 6 nm In 0.08 Ga 0.92 N QW indicate that the amplified spontaneous emission (ASE) threshold power density [ Fig. 16(b) ] is about 70% higher for laser stripes oriented parallel to the yA-direction than laser stripes oriented perpendicular to the yA-direction, 70) in agreement with the theoretical calculations discussed above. 38) In addition, measurements of the optical polarization [ Fig. 16(a) ] indicate that stimulated emission in the waveguide oriented parallel (perpendicular) to the yA-direction was polarized along to the m-axis (c-axis), 70) as expected from the above analysis of the momentum matrix elements. 22Þ QWs with waveguides oriented parallel to the yA-direction. Estimated threshold gain is indicated as a dashed line. Sheet carrier densities are 4 © 10 12 -7.5 © 10 12 cm ¹2 in steps of 0.5 © 10 12 cm ¹2 . (b) Material gain for extraordinary mode (black curves) and ordinary mode (gray curves) of ð11 "
22Þ QWs with waveguides oriented perpendicular to the yA-direction. Estimated threshold gain is indicated as a dashed line. Sheet carrier densities are 4 © 10 12 -7.5 © 10 12 cm ¹2 in steps of 0.5 © 10 12 cm ¹2 . 38) The analysis above is valid for semipolar LDs with In x Ga 1¹x N QWs where x is less than ³0.30. However, for ð11 " 22Þ LEDs it has been observed that the spontaneous emission switches from being polarized along the m-axis for indium compositions less than ³30% to being polarized along the yA-direction for indium compositions greater than ³30%. 19) In contrast, for ð20 " 21Þ LEDs it has been observed that the spontaneous emission is always polarized along the aaxis and does not vary strongly with indium composition. 24) Theoretical calculations for ð11 " 22Þ LDs with indium compositions greater than ³30% indicate that the optical gain for LDs with waveguides oriented perpendicular to the yAdirection should be comparable to the optical gain for LDs with waveguides oriented parallel to the yA-direction. 74, 75) Conversely, theoretical calculations for ð20 " 21Þ LDs with indium compositions greater than ³30% indicate that the optical gain for LDs with waveguides oriented perpendicular to the yA-direction should be much less than the optical gain for LDs with waveguides oriented parallel to the yA-direction. 75) These calculations indicate that ð20 " 21Þ LDs with indium compositions greater than ³30% should be oriented parallel to the yA-direction, so mirror facets can be formed only by dry etching or polishing. 72) In contrast, these calculations also indicate that ð11 " 22Þ LDs with indium compositions greater than ³30% can potentially be oriented perpendicular to the yA-direction, so mirror facets can formed by cleaving, which has important implications for the manufacturability of semipolar LDs. However, considering that electrically injected ð11 "
22Þ LDs with indium compositions greater than ³30% have yet to reported, the potential for making semipolar LDs with cleaved facets remains a topic of ongoing investigation.
Nonpolar III-nitride VCSELs
Unlike edge-emitting LDs, waveguides for VCSELs are always oriented perpendicular to the growth plane, 76) so only one waveguide orientation needs to be considered. As an example, the polarization of stimulated emission is examined below for m-plane III-nitride VCSELs, although the discussion could be generalized to a-plane III-nitride VCSELs as well. According to the indicatrix construction, the allowed polarizations of modes in a waveguide orientated parallel to the m-axis are parallel to the a-axis and parallel to the c-axis, which are referred to below as the ordinary mode and the extraordinary mode, respectively. The ordinary mode couples to emission from the CH1 band (cos 2 ¡ = 1) and the extraordinary mode couples to emission from the CH2 band (cos 2 ¡ = 1). 70, 78) Stimulated emission is expected to be dominated by the ordinary mode because of the much higher hole population in the CH1 band than the CH2 band. Finally, emission from the CH3 band does not couple to either of the waveguide modes because cos 2 ¡ = 0 for a waveguide oriented along the m-axis. 70, 78) Much like m-plane III-nitride LEDs, emission from mplane III-nitride VCSELs is typically measured perpendicular to the growth plane. Polarization ratios up to 96% along the a-axis have been measured for m-plane LEDs 25) and are limited by the relative hole populations of the CH1 band and the CH2 band. In contrast, the polarization of m-plane VCSELs should be dominated by stimulated emission from the CH1 band, which should reach threshold at much lower carrier densities than the CH2 band and result in polarization ratios that approach 100%.
Previous measurements of m-plane VCSELs (Fig. 17 ) exhibited polarization along the a-axis with polarization ratios of 72% at levels well above threshold. 80) However, a Si photodetector was used for collecting the light emission in these measurements, which led to the collection of a significant amount of spontaneous emission and a reduction in the polarization ratio. More recent measurements used a multimode optical fiber to eliminate the spontaneous emission from the polarization measurement, resulting in measured polarization ratios of 100% along the a-axis. 81) 
Conclusions and future outlook
In summary, we reviewed recent studies on VB states and polarized optical emission for nonpolar and semipolar IIInitride QWs. Both the physical mechanism and the experimental results were discussed. The reduced crystal symmetry and unbalanced biaxial stress lead to unique valence band structures and optical properties for nonpolar and semipolar III-nitride QW structures, which greatly impact the device performance.
For LEDs, the measurement of polarized light emission from nonpolar and semipolar devices provides a valuable experimental tool to directly study the VB states and optical properties for III-nitride materials. Furthermore, the polarized emission form these devices also has potential appli-(a) (b) Fig. 16 . (Color online) (a) Polarization of the waveguide modes above ASE threshold and (b) dependence of normalized integrated PL intensity on excitation power density for excitation stripes orientated parallel (½11 " 2 " 3 direction) and perpendicular (½10 " 10 m-axis) to the yA-direction on the ð11 " 22Þ plane. 70) cations in display systems with low power consumption. However, implementation in these applications will require significant work on topics such as photon recycling.
For LDs, these features have resulted in high performance in nonpolar and semipolar devices compared to conventional c-plane devices. As indicated in Fig. 5 , the unbalanced biaxial strain in nonpolar and semipolar III-nitride QWs results in a separation in energy between the top two VBs and a change in the curvature of the bands. These changes in the band structure should drastically reduce the density of states that contribute to lasing and are predicted to significantly decrease transparency carrier density and increase differential gain in nonpolar and semipolar III-nitride LDs. 38, 76) (a) (b) Fig. 17 . (a) Dependence of normalized light intensity on polarizer angle for currents both above and below threshold and (b) radial dependence of normalized light intensity on polarizer angle both near and well above threshold for an m-plane III-nitride VCSEL. 80) 
